In this study, we used formalin-fixed paraffin-embedded melanocytic tumors to demonstrate reproducible alterations in microRNA expression in nevi compared with melanomas using a microarray platform. We validated those results in an independent set of nevi and melanomas by quantitative RT-PCR. miR-205 demonstrated a statistically significant, progressive diminution in expression from nevi to primary melanomas to metastatic melanomas. Enforced miR-205 expression in melanoma cells profoundly impairs cell motility and migration along with significantly decreased F-actin polymerization with only a modest reduction in cell proliferation. Using a xenograft model, melanoma cells overexpressing miR-205 exhibit a reduced migratory capacity compared with control tumor cells. Mechanistically, miR-205 overexpression results in decreased expression of the zinc-finger E-box binding homeobox 2 (ZEB2) mRNA and protein.
Melanoma is the most deadly of the common forms of skin cancer, and its incidence is steadily rising. Despite aggressive management strategies ranging from surgical excision to targeted therapies, the consequences are equally dire: approximately 8700 people died of melanoma in 2010-which constituted B65% of all skin cancer-related deaths. [1] [2] [3] There is therefore a critical need to identify clinically significant biomarkers in melanoma that illuminate biochemical pathways central to the aggressive behavior of this disease and in the process, unveil new opportunities for the design of rational therapeutic interventions in high-risk patients. microRNAs (miRNAs) are non-coding RNAs of approximately 20-22 nucleotides in length that function in post-transcriptional gene regulatory pathways. There are approximately 1000 miRNAs in the human genome, 4 and it has been estimated that approximately one-third of all human mRNAs are subject to miRNA regulation. 5 miRNAs function in a diverse set of biological processes, including differentiation, proliferation and apoptosis. [6] [7] [8] In addition, alterations in miRNA expression have been described in many different human tumors, and numerous studies have demonstrated that miRNAs function as key pathogenic components impacting cancer cell growth, survival and the capacity to metastasize. 7, [9] [10] [11] [12] [13] Furthermore, miRNAs serve as instructive molecular surrogates in the distinction of benign from malignant as well as in prognostic algorithms of outcome in various tumor types. [14] [15] [16] Finally, it is feasible to obtain high-quality miRNA expression data from formalin-fixed paraffin-embedded (FFPE) melanomas-often the only tissue available for retrospective analyses. 17 Despite increasing evidence underscoring miRNAs as key components in melanoma biology, relatively few studies have characterized miRNA expression profiles in patient samples. [18] [19] [20] [21] [22] [23] [24] [25] [26] Even fewer studies have described differences in the miRNA expression profile of benign nevi compared with malignant melanoma. 19, 26 In this study, we performed miRNA profiling of clinical samples of benign and malignant melanocytic lesions. This analysis identified a set of miRNAs that distinguish benign nevi from malignant melanoma-a subset of which were validated in an independent set of clinical samples. We have also functionally characterized miR-205, which showed the most significantly diminished expression in primary melanomas and metastatic melanomas compared with nevi. We demonstrate that enforced expression of miR-205 impedes melanoma cell migration and invasion in vitro and in vivo while exerting only a modest impact on cell proliferation. Expression of miR-205 in melanoma cells results in decreased zinc-finger E-box binding homeobox 2 (ZEB2) mRNA and protein levels, and this correlates with increased levels of E-cadherin mRNA and protein expression. Furthermore, re-introduction of ZEB2 into melanoma cells overexpressing miR-205 reverses the observed defects in cell migration and restores suppression of E-cadherin mRNA and protein expression. Together, our results show a direct role for miR-205 in the progression of malignant melanoma.
MATERIALS AND METHODS Sample Selection and RNA Extraction
The tissue samples were obtained from archives in the Department of Pathology and Laboratory Medicine, Hospital of the University of Pennsylvania. All tissues were collected according to the guidelines and policies of the Hospital of the University of Pennsylvania Institutional Review Board. We collected 10 specimens of benign nevi with a substantial dermal component, 10 primary melanoma specimens with a substantial dermal component (Clark level IV, Breslow thickness 41.0 mm) and 10 metastatic melanomas from sentinel lymph node specimens with extensive nodal involvement. Four 20-mm sections per sample were obtained from the selected block, and the area of interest was macrodissected from a glass slide for the extraction of total RNA using the RecoverAll Total Nucleic Acid Isolation system (Ambion, Cat#1975) according to the manufacturer's instructions. The total RNA yield was determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Tech, Wilmington, DE, USA). RNA integrity was assessed by Agilent 2100 Bioanalyzer electrophoresis compared with standard reference RNA as previously described for total RNA prepared from FFPE tissue. 17, [27] [28] [29] [30] miRNA Microarrays Targets were prepared using the miRCURY LNA microRNA Power Labeling Kit (Exiqon #208032-A) for Exiqon miRNA microarrays according to the manufacturer's instructions. Labeling reactions were performed essentially as previously described 17,29 using equivalent 1 mg aliquots from each FFPE melanoma sample. The labeled miRNA was applied to miRCURY LNA microRNA array (Exiqon #208002-A) according to the manufacturer's instructions for hybridization and washing.
Data Analysis and Statistical Analysis
Arrays were scanned using Genepix 6.0 software with standard settings. Genepix files (GPR) were imported into Partek Genomics Suite (v6.4, Partek, St Louis, MO, USA), where foreground-background intensity values were extracted for each probe and on-chip probe replicates (quadruplicate spots of a particular miRNA sequence) were averaged. Probes with flagged (technically bad) intensities for 42/3 of the samples were excluded, and any remaining flagged probe intensities were treated as missing data. Values o1 were assigned a value of 1 to facilitate subsequent log 2 transformation. Statistical analysis comparing the three groups to one another was performed by applying one-way analysis of variance (ANOVA) to the set of log 2 intensities for each probe for each sample of the three tissue types (nevus, primary melanoma and metastatic melanoma). In conjunction with the ANOVA, all three pairwise comparisons (PvN, MvN and MvP) were calculated yielding a P-value and a fold-change for each. For all P-values (ANOVA and pairwise comparisons) a false discovery rate correction was applied using the BenjaminiHochberg step up method as available in Partek software. miRNA intensities were clustered hierarchically using Euclidean distance and average linkage. Principal component analysis was performed using log 2 intensities for each probe described above.
Real-Time RT-PCR of miRNAs and RT-PCR of mRNAs
Real-time quantitative RT-PCR was carried out on an iCycler (Bio-Rad Laboratories, Hercules, CA, USA) machine using the TaqMan MicroRNA Assay for miR-205 (Applied Biosystems) according to the manufacturer's instructions. Briefly, total RNA template was prepared, and the concentration and integrity were assessed as described above. In all, 10 ng of total RNA was used for reverse transcription using the specific miRNA primers for hsa-miR-205 (Applied Biosystems), and the U6B snRNA (Applied Biosystems) was used as a control. The mean C T was determined from duplicate or triplicate reactions. Delta C T was calculated as C TmiRNA -C TU6B . Relative gene expression was calculated as 2 À(Delta C T ) and multiplied by 10 5 to ease data presentation as previously described.
9,29 Unpaired Student's t-test and Wilcoxon test were used to assess for a statistically significant difference between the relative miRNA expression levels in melanomas compared with nevi (Po0.03).
Isolation RNA and Quantitative PCR in Cell Lines Total RNA was isolated using the RNeasy Kit (Qiagen, Valencia, CA, USA) followed by cDNA synthesis using the SuperScript First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). Quantitative PCR was performed using the iQ SYBR green supermix (Bio-Rad Laboratories) with specific primers (listed below). cDNA corresponding to 1 mg of RNA was added to the iQSYBER green supermix and analyzed with iCYCLER (Bio-Rad Laboratories) according to the manufacturer's instructions. The cycling conditions were 31 A human 293T cell line was kindly provided by Frank Lee at the University of Pennsylvania and was maintained in high glucose DMEM with 10% fetal bovine serum, penicillin/streptomycin (100 units/ml and 100 mg/ml).
PEZX-MR03 vector (HIV based) containing hsa-miR-205 with eGFP reporter gene, c-Cherry lentiviral control vector and eGFP lentiviral control vector were purchased from GeneCopoeia (Rockville, MD, USA). The plasmid was cotransfected into 293T cells with a packing vector (pCMVdR8.2-dupr and pCMV-VSV), and viral supernatants were collected 72 h post-transfection and used to infect human melanoma cells (WM115A, WM35, WM793 and 1205Lu). After 48 h, cells were incubated in selection medium containing puromycin (1 mg/ml) for 5 days to create stable cell lines. pCDNA3-Zeb2 plasmid was a gift form Dr Eugene Tulchinsky and Dr Gareth Browne (Department of Cancer Studies and Molecular Medicine, School of Medicine, Robert Kilpatrick Clinical Sciences Building, Leicester Royal Infirmary, Leicester). 1205Lu cells stably expressing miR-205 were transfected with empty pCDNA3 control vector and pCDNA3-Zeb2 plasmid using FuGENE 6 Transfection Reagent (Roche Nutley, NJ, USA) according to the manufacturer's instructions.
Control or PEZX-miR-205 stably infected melanoma cells were seeded on fibronectin pretreated chamber slides. Cells were fixed with glutaraldehyde for 20 min at room temperature and then washed three times with 1% BSA for 5 min. Cells were then treated with 0.3% Triton X-100, 1% BSA and 10% normal donkey serum in PBS at room temperature for 45 min. Phalloidin-TRITC was purchased from R&D systems. Tumor cells were incubated with Phalloidin-TRITC overnight at 4 1C. Cells were then washed three times with PBS containing 1% BSA. Nuclei were counterstained with DAPI (Vector Laboratories). Cells were imaged with a Leica inverted fluorescence microscope with a Leica camera.
Western blots were performed as previously described 32 using monoclonal mouse anti-human E-cadherin antibody (1:500 dilution, Dako) and rabbit polyclonal anti-human ZEB2 IgG polyclonal antibody (Santa Cruz Biotechnology, sc-48789, 1:200 dilution).
Cell Migration and Invasion Assays
Cell migration and invasion were examined using a two-dimensional wound-healing assay and a three-dimensional Boyden chamber assay. For the wound-healing assay, control or PEZX-miR-205 stably infected melanoma cells (1205 Lu, WM35, WM793, WM115A) were grown to confluence as a monolayer, and cell monolayers were 'wounded' by dragging a 1-ml pipette tip across the cells. Cells were washed to remove debris and allowed to migrate until completely confluent. Images were taken at 0 and every 24 h after wounding using a DMI6000 inverted microscope to monitor cell migration, as a function of 'wound' closure. Three replicates each of two independent experiments were performed. Transwell invasion assays were performed in modified Boyden chambers as previously described. 32, 33 Student's t-test or one-way ANOVA was used to determine statistical significance (Po0.05).
Cell Proliferation Assay WM115A, WM35, WM793 and 1205Lu control and infected with mir-205 cells were seeded in 24-well plates at densities of 5 Â 10 4 cells per well and grown for 48 h. The WST-1 assay was used to detect viable proliferative cells. The absorbance at 450 nm was measured using an lQuant Universal Microplate Spectrophotometer (Bio-tek Instruments, Winooski, VT, USA).
Xenograft Tumor Model
Control (1 Â 10 6 cells) and pEZX-miR-205 stably infected WM115A cells (1 Â 10 6 cells) were mixed and injected subcutaneously into 4-to 5-week-old male athymic nu/nu mice (eight mice per group). After 35 days, mice were killed and necropsies performed. Tumors were harvested and frozen sections were prepared for routine and fluorescence microscopy.
Zeb2
Rescue Assay 1205Lu cells stably expressing miR-205 were transfected with empty pCDNA3 control vector and pCDNA3-Zeb2 plasmid as described above. Quantitative RT-PCR and western blots were performed as described above to confirm ZEB2 overexpression in these cells and E-cadherin repression. Wound-healing assays, Boyden chamber assays, cell proliferation assays and F-actin staining assays were performed in these cells as described above.
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RESULTS miRNA Expression Profiles in Nevi and Melanomas
We employed miRNA microarrays to determine the relative miRNA expression levels among 10 samples each of cutaneous nevi, primary cutaneous melanoma and metastatic melanoma (Figures 1a-c) . We selected cutaneous lesions with a dermal component of sufficient size as well as large, expansile metastases adequate for macrodissection with the intention of generating a relatively 'pure' RNA sample representative of the intended melanocytic proliferation-with minimal contamination from non-melanocytic cell types.
Using the microarray data, miRNA signal intensities were subjected to unsupervised hierarchical clustering analysis. The dendogram in Figure 1d displays a relative similarity with regards to global miRNA expression profiles among nevi, and these are distinct from both primary and metastatic melanoma. In contrast, primary and metastatic melanomas did not cluster distinctly from one another according to their overall relative miRNA expression profiles. We next identified a subset of 20 miRNAs whose expression is significantly (Po0.05 after corrections for multiple hypothesis testing) downregulated and 4 miRNAs whose expression is significantly upregulated in melanomas (both primary and metastatic) compared with nevi (Table 1) . From this analysis, we did not identify miRNAs whose expression was significantly different between primary cutaneous melanoma and metastatic melanoma.
miR-205 Expression Is Progressively Reduced from Nevi to Melanomas in Tissue Samples and Cell Lines
We chose miR-205 for confirmation in the original sample set and validation in an independent set of nevi, primary melanomas and metastatic melanomas using RT-PCR. miR-205 was selected because its relative signal intensity exhibited the most robust relative changes between melanomas and nevi in the microarray analysis. As shown in Table 1 , miR-205 exhibited the greatest reduction in expression in metastatic melanomas versus nevi (B97-fold reduction, P ¼ 8.5 Â 10
À5
after corrections for multiple hypothesis testing) and in primary melanomas compared with nevi (B12-fold reduction, ). There was a statistically significant reduction in the expression of miR-205 between nevi and primary melanomas (B3.8-fold, P ¼ 5.8 Â 10
À3
) and between nevi and metastatic melanomas (B10.5-fold, P ¼ 6.7 Â 10
À4
). By RT-PCR, expression of miR-205 is reduced between primary and metastatic melanoma; however, this did not achieve statistical significance (B2.8-fold, P ¼ 0.059).
Using an independent set of tissues from five nevi, five primary melanomas and five metastatic melanomas, we validated the reduction of miR-205 expression in the melanomas compared with nevi ( Figure 2c , P ¼ 9.2 Â 10
À3
). There was a statistically significant reduction in the expression of miR-205 between nevi and metastatic melanomas (410-fold, P ¼ 7.9 Â 10
) and between primary and metastatic melanomas (410-fold, P ¼ 7.9 Â 10
). In addition, we compared miR-205 expression in a panel of melanocyte and melanoma cell lines representing all stages of melanocytic tumor progression: foreskin-derived melanocyte cell lines, WM35 (derived from a radial growth phase-only primary melanoma), WM793 (derived from a vertical growth phase primary melanoma), WM115A (derived from a melanoma metastasis) and 1205Lu (derived from a melanoma metastasis). 31 As shown in Figure 2d , there is a statistically significant reduction in miR-205 expression from foreskin melanocytes to primary melanoma (B2-fold in WM35, P ¼ 3.9 Â 10
À4
) and metastatic melanoma (B5-fold in WM115A and 1205Lu). Furthermore, there was a statistically significant reduction in miR-205 expression between primary, radial growth phase-only melanoma (WM35) and metastatic melanoma (B2-fold in WM115A, P ¼ 1.7 Â 10 À3 and B2.5-fold in 1205Lu, P ¼ 3.8 Â 10
). Taken together with the results from patient samples above, these results show a progressive diminution of miR-205 expression in the progression of melanoma. and WM115A human melanoma cell lines were infected with lentiviruses carrying miR-205 with GFP reporter (Figure 3a , left panels) or control viruses carrying Cherry red expression constructs (Figure 3a , right panels). We mixed these cells (1:1) and grew the mixture to a confluent monolayer. We then created an artificial wound in the monolayer and measured the ability of each of these cell lines to migrate across this artificial separation (Figure 3b ). 1205Lu melanoma cells overexpressing miR-205 exhibited a significant reduction in their capacity to close an artificial wound compared with controls (Figures 3b and c) . This defect is cell autonomous, as cells with impaired migration were not rescued by control cells capable of undergoing migration (Figure 3b ). Similar results were obtained for other melanoma cell lines, including WM35, WM793 and WM115A (Figure 3c ). This defect in cell migration also correlated with alterations in cell morphology and the actin cytoskeleton structure: cells overexpressing miR-205 exhibited a rounded morphology with fewer cell protrusions and reduced actin polymerization compared with control cells (Figure 3d ). In addition, we performed Boyden chamber assays to assess the impact of enforced expression of miR-205 on cell invasion. The results showed a significant deficiency in a panel of melanoma cell lines for invasion in cell lines stably overexpressing miR-205 compared with controls (Figures 4a and b) .
To determine whether the observed defects in cell migration and invasion because of enforced expression of miR-205 were attributable to defects in cell proliferation, we performed cell proliferation assays (Figure 4c ). miR-205 overexpression exerted no significant effect on the proliferation of WM35 and WM793 melanoma cells and exerted only a modest impact on proliferation of WM115A and 1205Lu melanoma cells. Together, these results argue that overexpression of miR-205 in melanoma cells causes a predominant defect in cell migration/invasion with a lesser effect on cell proliferation in the melanoma cells tested.
Effects of miR-205 Overexpression In Vivo
Next, we sought to determine if miR-205 overexpression exerts a similar effect on melanoma cell migration in vivo. foreskin-derived melanocyte cell lines, WM35 (derived from a radial growth phase-only primary melanoma), WM793 (derived from a vertical growth phase primary melanoma), WM115A (derived from a melanoma metastasis) and 1205Lu (derived from a melanoma metastasis). Legend: nevi (black), primary melanoma (grey) and metastatic melanoma (white). Asterisk (*) indicates statistical significant differences in expression (Po0.05). miR-205 inhibits melanoma cell migration S Liu et al characterize the tumors. Routine microscopic analysis reveals a monotonous proliferation of markedly atypical melanocytes forming an infiltrative subcutaneous tumor (Figure 4d ). However, fluorescence microscopy reveals a distinctly biphasic appearance of the tumors. Namely, the cells overexpressing miR-205 (green cells in Figure 4e ) cluster together centrally within the tumor and occupy B30% of the tumor volume. In contrast, the control cells (red cells in Figure 4e ) exhibit an infiltrative pattern of growth, occupy a larger volume of the tumor (B70%) and are concentrated toward the peripheral aspects of the lesion (red cells expressing Cherry red, Figure 4e ). These data argue that enforced expression of miR-205 impairs melanoma cell migration and to a certain degree, cell proliferation in vivo.
Overexpression of miR-205 Coincides with Alterations in the EMT Pathway miR-205 has a key role in the epithelial-to-mesenchymal transition (EMT) as a silencer of ZEB1/2 transcriptional repressor levels. [34] [35] [36] As miR-205 expression is progressively diminished from nevi to primary melanomas to metastatic melanomas and because enforced expression of miR-205 impairs melanoma cell mobility, we hypothesized that miR-205 expression might impact ZEB1/2 and consequently, E-cadherin expression in melanoma cells. As shown in Figure 5a , we established a panel of cell lines representing all stages of melanoma progression: WM35 (radial growth phase only), WM793 (vertical growth phase primary melanoma), WM115A (metastatic melanoma) and 1205Lu (metastatic melanoma) stably expressing relatively similar levels of (Figure 5a ). There was a significant reduction in ZEB2 mRNA in three of the four human melanoma cell lines overexpressing miR-205 (Figure 5b ). Furthermore, there was a significant increase in E-cadherin mRNA detected in all four cell lines stably expressing miR-205 (Figure 5c ). All four cell lines also demonstrated a variable decrease in ZEB2 protein expression and a concomitant increase in E-cadherin protein levels by western blotting analysis, and these effects were most pronounced in the metastatic melanoma cell lines (Figure 5d ).
Overexpression of Zeb2 Rescues the Phenotypic Effects of miR-205 in Melanoma Cells
Our results show that enforced expression of miR-205 in melanoma cells inhibits cell migration and invasion, and this phenotype coincides with alterations of both ZEB2 and E-cadherin mRNA and protein levels. Given the well-documented relationship between miR-205, ZEB1/2 and E-cadherin, 34 we asked whether overexpression of the proposed downstream targets of miR-205 (ZEB2 or E-cadherin) would overcome the phenotypic and biochemical consequences of miR-205 overexpression. To this end, we transfected 1205Lu cells stably overexpressing miR-205 with a plasmid encoding for ZEB2. ZEB2 mRNA and protein levels were restored in these cells with a concomitant repression of E-cadherin mRNA and protein expression (Figure 6b) . Furthermore, whereas 1205Lu melanoma cells overexpressing miR-205 exhibited a significant reduction in their capacity to migrate compared with controls-both in wound-healing and Boyden chamber assays, ZEB2 overexpression in those same cells restored their capacity to undergo cell migration and invasion (Figure 6c , wound-healing assays left and middle panels and Boyden chamber assays right panel). However, ZEB2 overexpression did not significantly alter their capacity to proliferate (Figure 6d) . Finally, the observed defects in cell 
DISCUSSION
There is a critical need to improve our understanding of the molecular pathogenesis of melanoma. In this study, we have identified a distinct pattern of miRNA expression in nevi compared with melanomas, with confirmatory findings in an independent set of clinical specimens. We demonstrated that miR-205 was significantly downregulated in melanoma disease progression. In vitro and in vivo experiments demonstrated that miR-205 impairs melanoma cell migration and invasion in multiple human melanoma cell lines, supporting the functional significance of the dysregulation of this target. Enforced expression of miR-205 coincides with a reduction in ZEB2 and a concomitant increase E-cadherin. Finally, re-introduction of ZEB2 into cells overexpressing miR-205 rescued these phenotypes. Taken together, these findings support the feasibility of and rationale for characterization of miRNA expression in clinical specimens of this highly aggressive disease and demonstrate miR-205 to be an important regulator of melanoma progression. We determined miRNA expression profiles of benign and malignant melanocytic tumors using patient samples as the primary resource for this study. We demonstrated that nevi exhibit a miRNA expression signature distinct from malignant melanomas, and we identified 20 miRNAs whose expression is significantly downregulated and 4 miRNAs whose expression is significantly upregulated in melanomas (both primary and metastatic) compared with nevi. Many of the miRNAs we describe as having dysregulated expression in melanomas compared with nevi were also reported by Chen et al, 19 including miR-21, miR-125a, miR-125b, miR-132, miR-141, miR-193b, miR-200b, miR-200c, mir-203, miR-205 and miR-211 (overall, our studies share B30% of the targets overall). Similarly, in a pattern that is nearly identical to our results, Dar et al 26 reported a progressive diminution of miR-205 expression comparing nevi with primary melanoma to metastatic melanoma. Together, these results provide compelling evidence for dysregulated expression of discrete miRNAs in melanomas and the utility of FFPE specimens for the discovery of informative and biologically relevant biomarkers in melanoma. Of note, Dar et al 26 reported a significant negative impact mediated by miR-205 on cell proliferation and senescence in melanoma cells. Although we report a relatively modest effect on cell proliferation in vitro, the effect of miR-205 on cell proliferation appears to be more profound in vivo.
In our microarray analysis, we did not identify miRNAs differentially expressed between primary and metastatic melanoma; this is likely attributable to our selection of bulky primary melanomas with a relatively expansile dermal component in a concerted effort to ensure adequate amounts of melanoma tissue and relatively pure melanocyte-specific RNA preparations. However, this size and/or depth 'exclusion' potentially created a bias for primary melanomas which already possessed a biological propensity for deeper invasion and effectively, metastasis, and therefore exhibited a miRNA expression profile that was relatively similar to that seen in lesions that had already metastasized. We are currently compiling a larger panel of thin primary melanomas (and desmoplastic melanomas, which rarely metastasize) for comparison with melanoma metastases to identify a miRNA 'metastasis signature'.
RT-PCR analysis demonstrated a trend toward progressively diminished expression of miR-205 from nevi to primary to metastatic melanoma. In a limited number of independent validation samples, there was a marked reduction in miR-205 expression in metastatic melanoma compared with primary melanoma and nevi. Furthermore, we characterized miR-205 expression in a series of melanocytic cell lines representing all phases of melanocytic tumor progression: foreskin-derived melanocyte cell lines, WM35 (derived from a radial growth phase-only primary melanoma), WM793 (derived from a vertical growth phase primary melanoma), WM115A (derived from a melanoma metastasis) and 1205Lu (derived from a melanoma metastasis). Similar to the observations above, there was a progressive diminution of miR-205 expression from normal melanocytes to metastatic melanoma, suggesting a key role for miR-205 in melanoma progression.
Given its robust and progressive decrease in expression from nevi to metastatic melanoma, we chose to characterize the function of miR-205 expression in melanoma cells. Enforced expression of miR-205 impeded melanoma cell migration and invasion in culture as well as in mouse xenografts, while exerting only a modest impact on cell proliferation (more pronounced in vivo). In addition, cells with high levels of miR-205 exhibit an epithelial-like morphology (fewer cell protrusions and reduced actin polymerization) compared with control cells, which adopted a mesenchymal-like morphology in culture (increased cellular protrusions and extensions and increased actin polymerization). These morphologic changes are consistent with their differential migratory and invasive properties.
Given the well-described role of miR-205 in EMT pathways, [34] [35] [36] we investigated the effects of miR-205 overexpression on EMT family members and demonstrated a connection between miR-205 overexpression and an associated reduction of ZEB2 mRNA and protein levels with a reciprocal increase on E-cadherin mRNA and protein levels. Re-introduction of ZEB2 into 1205Lu melanoma cells overexpressing miR-205 rescues the observed defects in cell migration and invasion and restores suppression of E-cadherin. Together, these results argue that miR-205 expression in melanocytes functions, at least in part, to preserve E-cadherin expression; in turn, the diminution of miR-205 expression in melanoma progression coincides with loss of E-cadherin expression and a more aggressive phenotype (cell migration and invasion). Of note, the effects of enforced miR-205 expression on ZEB2 and E-cadherin appear most pronounced in the metastatic melanoma cell lines (WM115A and 1205Lu), where miR-205 expression was initially the lowest (Figure 2d ). This apparent increased sensitivity to enforced miR-205 expression in metastatic melanoma cell lines (as a function of changes in ZEB2 and E-cadherin mRNA and protein levels) is a potential reflection of the underlying biological and biochemical changes accompanying the elimination of miR-205 expression in the progression of melanoma.
Our results provide the first experimental evidence that miRNA expression is hijacked to promote an EMT in the progression of melanoma. Previous studies have demonstrated that miR-205 and the miR-200 family (including miR200a, miR-200b, miR-200c and miR-141) directly repress ZEB1/2 in a variety of different cellular contexts, culminating in increased E-cadherin levels. 34, 37, 38 Along with others, we describe a progressive diminution in the expression of miR-141, miR-200b, miR-200c and miR-205 in melanomas miR-205 inhibits melanoma cell migration S Liu et al compared with nevi. 19, 26 Taken together with our demonstration that enforced expression of miR-205 coincides with elevated levels of E-cadherin and diminished levels of ZEB2, these observations suggest a complex miRNA regulatory network-including miR-205 and the miR-200 family whose cooperative dysregulation is exploited to evoke a reduction in E-cadherin expression in the progression of melanoma, and these changes are likely to be coincident with more aggressive biological behavior. 34, 36, 39, 40 Consistent with this hypothesis, reduced expression of E-cadherin in melanoma cell lines correlates with an enhancement of the migratory and invasive capacity of these melanocytes in culture, 39, 41 and in studies of melanoma patients, E-cadherin expression was significantly reduced in the tumors of patients with metastases and fatal outcomes compared with the tumors of patients with longer survival. 40 Alterations in miR-205 expression have been described in many different human cancers, but a consensus as to the function(s) of miR-205 (in particular, whether miR-205 functions as a canonical oncogene or a tumor suppressor) is lacking. miR-205 is upregulated compared with normal tissues in transitional cell carcinoma of the bladder; 42, 43 squamous cell carcinoma of the uterine cervix; 44 endometrial adenocarcinomas, including the endometrioid 45 and serous 46 types; ovarian endometrioid adenocarcinoma; 47 and nonsmall cell carcinomas (adenocarcinoma and squamous cell carcinoma) of the lung. 48 In contrast, miR-205 is downregulated in breast carcinomas; 49, 50 adenocarcinoma of the prostate; 51, 52 renal cell carcinoma; 53 and spindle cell carcinomas of the head and neck. 54 This apparent disparity of function likely reflects the molecular plasticity of miR-205 as a regulator of multiple different gene targets, which would exert potentially pleiotropic effects.
The mechanism of miR-205 downregulation in melanoma is also unclear. Wiklund et al 43 demonstrate that the miR-205 gene locus (1q32.2) contains nearby CpG-rich gene elements, which undergo progressive hypermethylation in invasive bladder tumors that parallels an observed downregulation of miR-205. These results are consistent with an epigenetic mechanism for miR-205 downregulation, and methylation is a well-documented mechanism of aberrant gene expression in melanoma. 55 In addition, distinct sets of chromosomal gains and losses have been described in melanoma and are an attractive mechanism for reproducible alterations of global miRNA expression. However, the 1q32 locus was not reported as a commonly deleted region in large-scale comparative genomic hybridization studies of various subtypes of melanoma. 56 Future studies are warranted to uncover the mechanism of miR-205 reduction in melanoma.
Defining additional components in the molecular pathogenesis of melanoma will illuminate new opportunities for the rational design of targeted therapies. Central to this goal is the identification of clinically meaningful biomarkers from patient samples. In this study, we identified distinct miRNA expression profiles in nevi compared with melanomas, and validated the downregulation of miR-205 in disease progression. miR-205 controls melanoma cell migration and invasion in vitro and in vivo, and miR-205 inhibits ZEB2, which coincided with a downregulation of E-cadherin. Together, these results support the utility of miRNA expression profiling as a powerful tool to interrogate clinical samples of melanomas: as a window to clinically and biologically important pathways central to the aggressive behavior of this disease.
